Extracellular DNA (eDNA), a by-product of cell lysis, was recently established as a critical structural component of the Enterococcus faecalis biofilm matrix. Here, we describe fratricide as the governing principle behind gelatinase (GelE)-mediated cell death and eDNA release. GFP reporter assays confirmed that GBAP (gelatinase biosynthesis-activating pheromone) quorum non-responders (GelE Finally, we address a mechanism by which GelE and SprE may modify the cell wall affinity of proteolytically processed AtlA resulting in either a pro-or antilytic outcome.
Introduction
Opportunistic enterococcal infections have traditionally been perceived as serious clinical threats due to rising incidence of antibiotic resistance and lateral transfer of resistance traits (Noble et al., 1992; Chang et al., 2003) . More recently, these same threats have been associated with the existence of bacteria as surface adherent communities called biofilms (Fux et al., 2005) . The close residential proximity of organisms within biofilms and altered genetic responses primarily driven by density-dependent mechanisms may aid the observed heightened tolerance to antibiotics and dissemination of resistance traits (Jayaraman and Wood, 2008) . Observations of clinical enterococcal biofilms on endodontic surfaces, bilary stents, urinary catheters, heart valves and tissue surfaces suggest a correlation of this pathogen's community lifestyle and virulence (Carniol and Gilmore, 2004) .
Analogous to developmental processes (biofilm development, competence regulation and sporulation) displayed by some bacteria, biofilm formation by enterococci involves quorum signalling (Hancock and Perego, 2004b; Mohamed et al., 2004) . The quorum signal is derived from the fsr gene cluster of Enterococcus faecalis (fsrABDC) and results from the processing and secretion of FsrD by FsrB to yield an 11-amino-acid cyclized peptide lactone termed gelatinase biosynthesis-activating pheromone (GBAP) capable of density-dependent signal transduction via the FsrAC two-component histidine kinase-response regulator pathway (Nakayama et al., 2006) . Unlike the peptide pheromones involved in conjugal mating and plasmid transfer in Enterococcus, the formation of a cyclized lactone is thought to protect GBAP from proteolytic turnover by enterococcal proteases (Nakayama et al., 2006) . Transcriptional profiling has indicated strong expression of two co-transcribed secreted extracellular proteases, gelatinase (GelE) and serine protease (SprE) following Fsr signal activation (Qin et al., 2000; Bourgogne et al., 2006) . A number of independent studies have observed a critical role for GelE in enterococcal biofilm development (Hancock and Perego, 2004b; Kristich et al., 2004; Mohamed et al., 2004) . GelE is proposed to activate lysis of a subpopulation of bacteria and thereby catalyse the release of genomic DNA (eDNA), a critical component of the biofilm matrix (Thomas et al., 2008) . Intriguingly the phenotypic effects of SprE opposed those of GelE with higher rates of lysis, eDNA release and increased biofilm development observed upon its inactivation (Thomas et al., 2008) . Earlier observations by Shockman and others suggested the cellular target of GelE to be an autolysin (Shockman and Cheney, 1969; Waters et al., 2003) . Although a direct interaction of SprE with a cell surface autolysin is yet to be established, evidence suggests it can modify rates of autolysis (Thomas et al., 2008) . At least three autolysins (AtlA, AtlB and AtlC) have been identified to be secreted by E. faecalis of which AtlA is thought to be crucial for biofilm development (Kristich et al., 2008; Mesnage et al., 2008) . Based on sequence similarity, AtlA was proposed to be made up of three domains. The central catalytic domain is responsible for the glucosaminidase activity (Eckert et al., 2006) . The C-terminal domain is composed of six LysM modules that afford peptidoglycan affinity and possibly target autolysins to the division septum and poles (Steen et al., 2008) . No known function yet exists for the T/E-rich N-terminal domain (Eckert et al., 2006) .
The existence of a bimodal bacterial population was hypothesized to explain the nature of enterococcal cell death leading to biofilm development (Thomas et al., 2008) . The first subpopulation would be a predatory population that produces GelE as an effector of cell death and is immune to self-inflicted GelE toxicity by virtue of the co-transcribed SprE protease while the second, a lysis susceptible prey population that does not produce either extracellular protease. Such bimodality in an otherwise isogenic bacterial population during growth is plausible given that cell density dictates those cells that respond to the GBAP quorum peptide and activate protease expression. Bacteria that do not respond to quorum signalling would then be susceptible to GelE-mediated cell death due to their inability to produce the immunity factor, SprE. Although the above hypothesis is consistent with bacterial fratricide (Claverys and Havarstein, 2007) , wherein a specific cell is responsible for predation of its clonal neighbour, an alternate hypothesis of altruistic suicide or programmed cell death of the quorum responder remains a possibility (Bayles, 2007; Rice et al., 2007) .
In the current study, we show that extracellular proteases regulate enterococcal fratricide leading to eDNA release and biofilm development. Further AtlA is demonstrated to be the target of both GelE and SprE and this interaction is critical to the regulation of enterococcal fratricide and biofilm development.
Results

SprE prevents altruistic suicide in enterococcal populations
Programmed cell death was recently hypothesized to be critical for Staphylococcus aureus biofilm development (Bayles, 2007; Rice et al., 2007) . To investigate whether extracellular proteases (GelE and SprE) controlled an altruistic nature of cell death and lysis in E. faecalis populations, a GBAP responsive GFP-reporter construct (pVT31) was introduced into V583, VT01 (DgelE), VT02 (DsprE) and VT03 (DgelEsprE) isogenic protease deletion mutant backgrounds resulting in strains VT15, VT16 (DgelE), VT17 (DsprE) and VT18 (DgelEsprE) respectively. The plasmid pVT31 contains a 1055 bp fragment composed of a gelE promoter-gfp gene fusion, in a high copy vector (pAT28) background. As the expression of GelE in native circumstances is dependent on GBAP levels, the coupling of the gelE promoter to the gfp gene in pVT31 would enable the expression of GFP to be dependent on the extracellular concentration of GBAP. Hence enterococci (bearing plasmid pVT31) that respond to the quorum peptide (GBAP) would switch on the expression of GFP. However, cells that do not respond to GBAP would retain a GFP -phenotype. This phenotypic segregation in GFP expression effectively facilitated tracking of cells that responded to the quorum peptide within the wild type and each of the mutant populations by flow cytometry. The stringency of pVT31 as a reporter construct was determined using E. faecalis VT14, a derivative of V583 harbouring pVT30 (reporter construct lacking functional promoter fusion) and VT13, an fsrA insertion mutant that contains pVT31. The absence of a functional FsrA would prevent VT13 from responding to the accumulation of quorum peptide (GBAP). Accordingly Fig. 1A depicts a clear shift in fluorescence intensities of VT15, VT16, VT17 and VT18 relative to VT14. Both the above controls (VT13 and VT14) exhibited a signal noise less than~6% relative to VT15 (V583 pVT31) (Fig. 1B) . Fluorescent signal generated by VT13 likely arises from a basal level of expression from the gelE promoter, which is known to occur independent of FsrA (Singh et al., 2005) . The relatively weak signal observed in strain VT14 is likely attributed to use of a weak promoter in the vector sequence, as plasmid pVT30 lacks the sequence for the gelE promoter.
Quantitative estimates of GFP + cells (GBAP responders) in wild type and extracellular protease mutant backgrounds were achieved by flow cytometry. The settings were adjusted such that GFP -cells were within the first log decade while cells with higher intensities were considered GFP + (Fig. 1A) . Estimation of GFP + cells (GBAP responders) by flow cytometry indicate (Fig. 1B) that although the majority of the wild-type (VT15) E. faecalis population under the present assay conditions responded to quorum signalling at the stationary phase of growth, approximately 15% correspond to GBAP non-responders. The independent effects of GelE and SprE on GBAP responders were characterized with respect to relative numbers of GFP + responders within isogenic extracellular protease mutant populations and their geometric mean fluorescence intensities. Relative numbers of GFP + cells (Fig. 1B) in VT16 (85.68 Ϯ 7.02%) and VT18 (87.09 Ϯ 6.5%) were similar to those found in E. faecalis VT15 (87.26 Ϯ 4.37%). Interestingly, the absence of SprE expression in VT17 resulted in a significant decrease Enterococcal fratricide contributes to biofilm development 1023 in GFP + responder cells to 74.66 Ϯ 5.63% as compared with parental strain (P < 0.05, Bonferronis test). This suggested that GBAP responders within a population underwent significant lysis only in the absence of SprE. Consistent with this observation the geometric mean fluorescence intensity of GFP + responder cells of the VT17 (DsprE) population was significantly lower (59.23 Ϯ 2.64) compared with that of V583 and mutants deficient in GelE expression (V583, 74.64 Ϯ 13.11, VT16, 81.61 Ϯ 6.97 and VT18, 83.22 Ϯ 3.55) . These observations are also consistent with earlier reports suggesting a pro-lytic activity for GelE and an anti-lytic activity for SprE (Thomas et al., 2008) .
Interplay of GelE and SprE in enterococcal fratricide
In order to assess the role of extracellular proteases of E. faecalis in fratricide, predator-prey coculture lysis assays were performed. Parental and isogenic protease deletion mutants (predators) -V583, VT01 (DgelE), VT02 (DsprE) and VT03 (DgelEsprE) were cocultivated in the presence of VT12, a double protease mutant strain that constitutively expressed GFP from plasmid pMV158GFP (Nieto and Espinosa, 2003) . This previously characterized prey strain is deficient in lysis due to its inability to produce GelE (Thomas et al., 2008) . However, as the downstream cellular target of GelE that affects autolysis is still intact within these cells; their lysis may be activated when they are exposed to diffusible GelE. Consequently we reasoned that fratricidal control of the GFP + prey population by diffusible extracellular proteases produced by the cocultivated predator strains may be assayed by tracking the levels of GFP released into the culture supernatant. Neither of the purified extracellular proteases (GelE or SprE) exhibited an effect on GFP turnover at the concentrations assayed (data not shown) and hence any signal detected in culture supernatants should be a true reflection of bacterial lysis. Western blot analysis of culture supernatants, using anti-GFP antibody clearly showed that the lysis of the prey (VT12) population is dependent on the diffusible GelE produced by the predator ( Fig. 2A ; compare lanes 1 and 3 with lanes 2 and 4). Whereas cocultivation of the parental V583 (GelE + SprE + ) predators resulted in wild-type levels of target lysis, GelE mutant predators (VT01 and VT03) demonstrated no detectable lysis of VT12 (prey). Interestingly, the use of VT02 (SprE -) as the predator resulted in an increased lysis of prey ( Fig. 2A, compare lanes 1 and 3) , suggesting that diffusible SprE was able to modulate GelE dependent fratricide. As expected, spectrofluorometric measures of GFP fluorescence emanating from the prey population that survived the fratricidal action mediated by the predators showed a significant reduction in cell fluorescence when cocultivated with VT02 (DsprE) compared with V583, VT01 and VT03 (data not shown).
Consistent with these results, we also observed that the addition of purified extracellular proteases (GelE and SprE) in physiological concentrations (~30 nM) (Makinen et al., 1989; Hancock and Perego, 2004b) resulted in the differential lysis of VT03 (DgelEsprE) (Fig. 2B) . Incubation with purified GelE alone caused a rapid increase in the A. Representative flow histograms of GBAP responders from wild-type VT15, and isogenic protease mutants VT16 (DgelE), VT17 (DsprE) and VT18 (DgelEsprE) cultured to stationary phase. The pVT31 reporter plasmid in these isogenic strains activates GFP expression in response to GBAP quorum signalling. GFP fluorescence (FL-1H) corresponding to VT15, VT16, VT17 and VT18 is plotted (thick solid lines) and are contrasted in each instance with autofluorescence (thin solid lines) from VT14 (V583 pVT30, reporter construct lacking functional gelE promoter fusion). B. Per cent GFP + cells (GBAP responders) following overnight growth of VT13 (V583::fsrA), VT14, VT15, VT16, VT17 and VT18. The per cent estimates were derived from histograms of seven independent trials Ϯ SE using the CELLQuest program (version 3.1, Beckton and Dickinson).
lysis-rate of VT03 (DgelEsprE). While SprE by itself did not affect VT03 (DgelEsprE) rates of lysis, it prevented the initial increase in optical density observed in the VT03 strain without exogenous proteases. Furthermore, co-incubation of SprE with an equal concentration of purified GelE reduced the rate of GelE-mediated lysis. These findings point to not only the ability of GelE to initiate fratricide but also the ability of SprE to modulate GelE activity.
Comparison of autolysin profiles among enterococcal strains
Based on previously reported autolytic rates of protease mutants (Thomas et al., 2008) and on observations by Shockman reflecting the role of GelE in activating an autolysin (Shockman and Cheney, 1969) , we hypothesized enterococcal cell death to be a direct consequence of extracellular proteases manipulating cell surface associated autolysin(s). To determine potential autolysins regulated by extracellular proteases, we subjected cell wall protein extracts of GelE mutants from E. faecalis V583 and OG1RF strain backgrounds to zymography (Fig. 3) . Surface autolysin profiles of V583 and OG1RF exhibited significant differences. While a minor highmolecular-weight autolysin (~66 kDa) was apparent in protein extracts derived from OG1RF, this activity was not visualized in VT20 (OG1RFDgelE) or V583 cell wall extracts ( Fig. 3 ; compare lane 1 with lanes 2, 3 and 4). However, a novel 38 kDa autolytic band that seemed to be immune to the proteolytic activity of GelE was uniquely found in the V583 strain background and not in OG1RF ( Fig. 3 ; compare lanes 1 and 2 with lanes 3 and 4). Similarly, a 50 kDa autolytic band could only be detected in VT01 cell wall extracts, suggesting sensitivity towards GelE activity ( Fig. 3 ; compare lanes 3 and 4). In light of a recent study by Bourgogne et al. (2008) the absence of the 38 kDa and 50 kDa autolytic bands from OG1RF is not surprising as this strain lacks the prophageassociated endolysins present in V583 (Paulsen et al., 2003) .
Interestingly, only two autolytic bands [71.6 kDa, found in VT01 (V583DgelE) and VT20 (OG1RFDgelE); 61.1 kDa . Differences in lysis rates of VT03 in the absence or presence of extracellular proteases (GelE and SprE) are exhibited as per cent values of initial optical density at 600 nm. VT03 was incubated alone (᭹) or in the presence of 100 ng of GelE ( ), SprE ( ) or GelE and SprE (᭢) together over a period of 12 h at 37°C. Data are mean Ϯ SE of three independent trials with each performed in triplicate.
Fig. 3. Enterococcus faecalis cell surface autolysin profiles.
Surface proteins were extracted from overnight grown cultures by boiling bacterial pellets in SDS-PAGE sample loading buffer. Samples were resolved on an 8% SDS polyacrylamide gel containing 0.1% purified OG1RF cell wall as substrate. Lanes 1 through 4 represent cell wall protein extracts from OG1RF (GelE Enterococcal fratricide contributes to biofilm development 1025 in V583 and OG1RF) remained common among the two strains. Consistent with previous reports (Eckert et al., 2006; Mesnage et al., 2008) , we identified and mapped the 71.6 kDa activity to AtlA by matrix-assisted laser desorption/ionization -time-of-flight mass spectrometry (MALDI-TOF MS) . Targeted mutagenesis of atlA by insertion inactivation (see Experimental procedures) in V583 and OG1RF strain backgrounds (VT19 and VT21 respectively) demonstrated the 61.1 kDa activity to correspond to the proteolytically processed form of AtlA (see Fig. S1 ). Interestingly, autolysin profiles of VT02 (DsprE) when compared with V583 appeared to display a considerable increase in the intensity of the 61.1 kDa band (see Fig.  S2 ). These results collectively suggest that in parental strains, GelE and SprE are capable of differentially regulating the turnover of AtlA.
AtlA is critical for eDNA release and biofilm development
Recent studies have observed that inactivation of AtlA was detrimental to biofilm development of E. faecalis OG1RF (Kristich et al., 2008) . Given that AtlA was the sole autolysin whose activity was demonstrated to be regulated by both proteases, we tested for differences in eDNA release and biofilm forming abilities of VT19 (V583::atlA) and VT21 (OG1RF::atlA) against parental strains. Culture supernatants of overnight grown E. faecalis V583 and OG1RF parental strains and their corresponding AtlA mutants were assayed for eDNA using a DNA specific dye, SYTOX green (Molecular Probes). As expected and confirming our previous observations (Thomas et al., 2008) , deletion of gelE in V583 (VT01) and OG1RF (VT20) backgrounds resulted in a significant 4-and 12-fold decrease in eDNA release as compared with their respective parental strains ( Fig. 4A , P < 0.0001, t-test). More importantly, the decrease in eDNA release due to the inactivation of atlA paralleled GelE mutants from both strain backgrounds. This strongly suggested that AtlA may be the major target of extracellular proteases on the cell surface, which mediates fratricide and eDNA release.
Because AtlA mutants are deficient in eDNA release, we further hypothesized these strains to be defective in biofilm formation. Quantitative analysis of biofilms grown on polystyrene surfaces revealed that AtlA mutants, similar to GelE mutants formed significantly less biofilm biomass as compared with parental strains (Fig. 4B , P < 0.0001, t-test). The observed deficiencies in biofilm formation were not a result of growth defects as all mutants displayed similar growth kinetics compared with the parental strains (data not shown). These observations are consistent with a critical role for AtlA in eDNA release and biofilm formation.
Role of AtlA in fratricide
Given that extracellular proteases and AtlA contribute to similar biological pathways in E. faecalis, we hypothesized that fratricidal effector-modulator functions of GelE and SprE are channelled through their downstream interactions with AtlA. However, prey-predator coculture lysis assays using VT23 (an atlA mutant derivative of VT12 (DgelE-sprE, GFP + ) as prey showed no abrogation of V583 and VT02 (DsprE) predator-mediated fratricide ( Fig. 5A; lanes 1 and 3) , although maintaining GelE dependency ( Fig. 5A; lanes 2 and 4) . A. Detection of extracellular DNA in culture supernatants. Cell free culture supernatants of V583 (GelE + ), VT01 (V583DgelE), VT19 (V583::atlA), OG1RF (GelE + ), VT20 (OG1RFDgelE) and VT03 (OG1RF::atlA) were supplemented with the DNA specific dye, SYTOX green to a final concentration of 1 mM before being assayed spectrofluorometrically as described. Fluorescence intensity data are represented as arbitrary units (AU). B. Biofilm formation of E. faecalis strains on polystyrene. Biofilm formation was assayed as a function of crystal violet stain (measured at 550 nm) retained by the biofilm biomass grown for 24 h. Data are mean Ϯ SE of three independent trials. The strain designations shown in B correlate with A.
In an attempt to address these seemingly confounding observations, we tested the autolytic rates of the atlA mutant derivative of VT03, designated VT22, in the presence of purified enterococcal extracellular proteases. Addition of physiological concentrations of GelE or SprE (~30 nM) individually or together did not lead to any significant differences in lysis of VT22 as compared with protease negative controls (Fig. 5B) . This suggested that GelE-dependent fratricide of VT23 observed earlier was possibly due to predator-specific factors (in addition to GelE) that interacted with the prey population. As AtlA has previously been shown to be a diffusible enzyme capable of hydrolysing the cell walls of Micrococcus lysodeikticus (Qin et al., 1998) and E. faecalis (Mesnage et al., 2008) , we hypothesized that AtlA may fulfil the role of a predator factor responsible for the lysis of prey cells in the population. Such diffusible AtlA may possibly be released from a subpopulation of predator cells (~15%, refer Fig. 1B ) that have not responded to the quorum signal and hence are susceptible to the effector functions of GelE. To test this hypothesis we cocultured VT19 (V583::atlA) as a predator population against VT23 (DgelEsprE::atlA, GFP + ) prey population. Figure 5A (lane 5) clearly indicates the absence of any detectable fratricide in the prey population upon inactivation of the predator AtlA, suggesting a crucial role for soluble (diffusible) forms of AtlA in fratricide.
Characterizing the effects of GelE and SprE on recombinant AtlA
To further investigate the interaction between extracellular proteases and AtlA, we subjected recombinant histidine-tagged AtlA (rAtlA, Fig. 6A ) expressed and purified from Escherichia coli cultures to GelE and SprE treatment. GelE-treated rAtlA was multiply processed into minor forms within 30 min ( Fig. 6B ; lane 2) and was completely turned over by 5 h (data not shown). Zymogram analysis showed that most processed forms of rAtlA were active on V583 cell wall ( Fig. 6C ; lane 2) suggesting that GelE preferentially cleaves initially at non-catalytic sites within AtlA. The full-length 72.1 kDa autolytic band seemed to show activity only after extended periods of incubation (data not shown), suggesting an enhancement in activity upon proteolytic cleavage. Interestingly SprE action on rAtlA resulted in a single major 62 kDa form and a minor higher-molecular-weight form ( Fig. 6B and C, lane 3). From the current experimental conditions, although it would seem that rAtlA has a faint autocatalytic activity and processes itself into the 62 kDa form, the action of SprE clearly augments the rate of this processing while that of GelE seemed to affect the turnover of rAtlA.
Comparison of the molecular weights of GelE and SprE processed recombinant AtlA fragments ( Fig. 6B ) with their corresponding spectrograms (generated from MALDI-TOF MS/MS peptide mass mapping) empirically identified regions within rAtlA that were susceptible to protease attack. As compared with the full-length recombinant AtlA (72.3 kDa, includes 6XHis tag, but devoid of signal peptide), the 62 kDa (Fig. 6B, lanes 2 and 3) form maintained an intact C-terminal domain inclusive of the histidine tag, suggesting that both GelE and SprE specifically cleaved within the N-terminal T/E-rich domain of rAtlA. Additionally, GelE also displayed cleavage specificities within the C-terminal domain. This was evident as the smaller rAtlA forms (55.3, 49.2 and 43.7 kDa; Fig. 6B , lane 2) shared a common N-terminus but exhibited clear differences in their C-terminal peptide fingerprints (data not shown). . Lysis rates are exhibited as per cent values of initial optical density at 600 nm. VT22 was incubated alone (᭹) or in the presence of 100 ng of GelE ( ), SprE ( ) or GelE and SprE together (᭢) over a period of 9 h at 37°C. Data are mean Ϯ SE of three independent trials with each performed in triplicate.
Given that the C-terminal domain of AtlA is composed of multiple units of LysM modules (Fig. 6A) it seemed plausible that the action of GelE on the C-terminal domain of AtlA may catalyse its release from the cell surface. To test this hypothesis and to investigate any effect SprE may have towards rAtlA's affinity to the cell surface, we assayed the cell wall affinities of full-length and proteolytically processed forms of rAtlA. Recombinant AtlA was initially allowed to bind E. faecalis V583 cell walls, followed by individual treatments with GelE and SprE proteases. Relative affinities of rAtlA forms processed by GelE and SprE to the cell wall was determined as a function of their ability to remain in the supernatant fraction on centrifugation as opposed to the pelleted cell wall-bound fraction. Although it was clearly evident from the analysis that cell wall-bound rAtlA displayed altered processing by GelE compared with the unbound form (compare proteolytic pattern from Fig. 7 , lane 5 and Fig. 6B, lane 2) , the supernatant fractions revealed that GelE treatment resulted in processed soluble forms of rAtlA (Fig. 7, lane 2) . Notably, SprE treatment resulted in the absence of any detectable soluble forms of AtlA in the supernatant fraction. Complementing these observations, comparison of the GelE and SprE processed cell wall-bound forms of rAtlA displayed significant differences ( Fig. 7 ; compare lanes 5 and 6). Cleavage of rAtlA by SprE resulted in processed forms with molecular masses approximately equal to and greater than 62 kDa (Fig. 7 , lane 6) that showed significantly higher affinity to peptidoglycan compared with the~62 kDa band resulting from GelE treatment (Fig. 7, lane 5) . Given that cleavage of A. Schematic representation of domains present within recombinant AtlA. Domain 1, threonine and glutamic acid-rich N-terminal domain; domain 2, N-acetyl glucosaminidase central catalytic domain; domain 3, C-terminal domain containing six LysM modules predicted to be crucial for peptidoglycan adherence. The recombinant protein was engineered to start with the residue, methionine and end with a 6¥ histidine tag. Schematic was graphed using protein domain illustrator program (Ren et al., 2009) recombinant AtlA forms to cell wall peptidoglycan. Following incubation with purified cell wall peptidoglycan, rAtlA was treated with GelE (lanes 2 and 5) and SprE (lanes 3 and 6). Lanes 1 and 4 contained rAtlA that was not treated with either GelE or SprE. Lanes 1-3 represent the soluble fraction of rAtlA after cell wall recovery, and lanes 4-6 represent the cell wall-bound forms of rAtlA.
rAtlA by SprE did not result in the loss of LysM modules (a known peptidoglycan binding and localization domain) it stands to reason that AtlA may be shuttled to the septum optimally after SprE processing.
We reasoned that optimal proteolytic activity of SprE towards rAtlA may prevent GelE from subsequently mediating its (rAtlA's) release from the cell surface, thus arguing for the observed resistance of attacker subpopulations (SprE + ) to GelE-mediated lysis. To test this hypothesis, we pretreated rAtlA bound to peptidoglycan with physiological concentrations of SprE and then subjected it to the proteolytic action of an equimolar concentration of GelE. Figure S3 clearly demonstrates the inability of GelE to release SprE-processed rAtlA from the peptidoglycan fraction into the supernatant. Further, SprE was unable to prevent the release of peptidoglycan-bound rAtlA into the supernatant if GelE acted on the autolysin first. This suggests that SprE prevents lysis of attacker populations by efficiently competing with GelE for the primary autolysin, AtlA. However, the exact mechanism of competition by the extracellular proteases towards AtlA remains to be elucidated. Collectively these results suggest that in wildtype populations the role of SprE may be to prevent altruistic suicide of quorum responders by limiting the release of AtlA from the cell surface.
Discussion
The results presented in this study demonstrate extracellular protease-mediated fratricide to be responsible for governing eDNA release and biofilm development of E. faecalis. Death of sibling cells (fratricide) mediated by isogenic cells within the same population has previously been implicated in developmental processes (competence and sporulation) of Streptococcus pnuemoniae and Bacillus subtilis (Gonzalez-Pastor et al., 2003; Gilmore and Haas, 2005; Guiral et al., 2005; Ellermeier et al., 2006; Havarstein et al., 2006) . Cell-cell signalling during these developmental processes results in the co-ordinated production of specific killing factors and immunity proteins within a subpopulation of cells (predators). Killing factors which include bacteriocins and murein hydrolases target the death of a small susceptible isogenic population (prey) (Claverys and Havarstein, 2007) . Susceptibility of prey to the killing factors is largely due to the absence of immunity proteins in this population, a cost these cells possibly pay for not participating in the signalling process. Death of the prey ultimately benefits the surviving population either in the form of nutrients in nutritionally stressed B. subtilis or as released genomic DNA for naturally competent S. pneumonia (Claverys and Havarstein, 2007) . In analogy with these model systems, we have identified two prominent driving forces of cell death (killing factors) responsible for biofilm development in enterococci; secreted GelE and the soluble autolysin, AtlA (Fig. 8) . Although cell wall peptidoglycan is refractory towards GelE's ability to affect turnover of cell surface-localized AtlA as compared with a relatively quick turnover in solution, it nevertheless allows limited cleavage potentially resulting in its release from the cell surface. We propose that released AtlA may result in bystander cell death especially in high cell density biofilms, although arguably the extent of such bystander effects will be limited by GelE to small subpopulations within the biofilm. Consistent with this hypothesis, we earlier reported the development of pockets filled with dead/lysed cells within the primary biofilm matt (Thomas et al., 2008) .
Biofilm development in Staphylococcus aureus was recently demonstrated to be dependent on cell death and eDNA release (Rice et al., 2007) . However, the nature of cell death observed in this case was proposed to be due to altruistic suicide or programmed cell death (Bayles, 2007) . Altruistic suicide of GelE + enterococci would be conceptually improbable as over 85% of the population in stationary phase show evidence of their participation in Fsr signalling (Fig. 1A) and the Fsr quorum response is known to differentially regulate over 300 genes involved in secondary regulatory cascades, virulence and metabolism (Bourgogne et al., 2006) .
How do cells producing GelE ensure their own safety against self-inflicted lysis? Several lines of evidence suggest the co-transcribed SprE to be an immunity protein. First, GFP reporter assays confirm a significant increase in death of predator populations in an isogenic SprE-mutated strain compared with the parental strain. Consistent with this observation, coculture lysis assays which detect solubilized GFP from lysed cells also indicate that secreted SprE has significant trans-protective activities towards prey cells. Second, purified SprE was able to significantly reduce the rate of GelE-induced cell lysis. Finally, pretreatment of peptidoglycan-bound AtlA with purified SprE significantly reduced its GelE-mediated release (Fig. S3) , a necessity for cell death. Consequently, it may be reasoned that SprE protects predator cells from lysis by modifying surface-localized AtlA against further proteolysis by GelE.
Autolysins have consistently been described as regulators of cell death and biofilm development in different Gram-positive species, although mechanistic details at a molecular level remain vague. Inactivation of the primary autolysins of Streptococcus mutans, Staphylococcus aureus and Staphylococcus epidermidis have been shown to decrease their abilities to form biofilms, presumably due to a defect in eDNA release (Heilmann et al., 1997; Shibata et al., 2005; Ahn and Burne, 2006; Biswas et al., 2006; Qin et al., 2007) . GelE has previously been implicated in the proteolytic processing of a latent highmolecular-weight E. hirae muramidase 1 (137 kDa) to the active 87 kDa form (Shockman and Cheney, 1969) . Although E. faecalis muramidase activities have been characterized for AtlB and AtlC (Mesnage et al., 2008) , their prophage origins and existence in the active state as low-molecular-weight lysins with predicted molecular masses (50 kDa and 47 kDa respectively) suggest that GelE is not required for their activation from latency. On the contrary, zymogram analysis suggests that GelE targets a~50 kDa autolysin of V583 (Fig. 3, compare  lanes 3 and 4) . Whether AtlB identified by Mesnage et al. (2008) corresponds to the~50 kDa band that is only present in the absence of GelE in strain V583 awaits further characterization. However, it is tempting to speculate based on protein size, as well as enzymatic activity that GelE may be turning over AtlB. Furthermore, the effect of protease processing on AtlB and AtlC by GelE or SprE would not have been observed in the study by Mesnage et al. (2008) as this study used strain JH2-2, known to be deficient in protease production because of the absence of the fsr locus (Zeng et al., 2005) . In spite of a recent study that suggested AtlA, the primary N-actyl glucosaminidase of E. faecalis as not being prone to proteolytic activation (Eckert et al., 2006) , we clearly demonstrate that purified GelE activates cellular autolysis in an AtlA-dependent manner (compare Figs 2B and 5B) . We propose that the observed activation of cellular autolysis may possibly be due to the altered affinity of AtlA to the cell wall of E. faecalis in the presence of GelE and SprE, rather than the activation of latent AtlA. In agreement with this hypothesis, our observations suggest that soluble forms of AtlA are critical to the process of enterococcal fratricide. Of the three domains within AtlA, the C-terminal LysM domain is critical for cell wall localization. Consistent with this observation, we noted that all C-terminal truncated forms of AtlA (that lost one or more LysM modules) resulting from GelE proteolysis also displayed reduced affinity to cell wall peptidoglycan (data not shown). It is noteworthy that the C-terminal truncated forms of AtlA still appear to retain at least four functional LysM modules, based on detectable tryptic fragments from MS analysis. Intriguingly, we also observed a 62 kDa N-terminal form of AtlA with an intact C-terminus that resulted from GelE proteolysis, but displayed significantly decreased peptidoglycan affinity. Although at physiological concentrations, SprE was capable of generating the 62 kDa form of AtlA, the presence of cell wall seemed to significantly alter this processing into highermolecular-weight truncations (> 62 kDa). This is consistent with the predicted cleavage specificity of SprE, given the high glutamic acid content of the N-terminal T/E-rich domain.
In light of the present findings, it is likely that in E. faecalis the N-terminal domain of AtlA is also required for efficient adherence to peptidoglycan and that GelE mediates the release of active AtlA from prey cell surfaces by proteolytically processing the N-and C-terminus of AtlA. Furthermore, processing of AtlA by GelE to generate soluble forms of the autolysin may allow localization to cell regions other than the septum leading to the lysis of prey cells. The ability of SprE to process AtlA on predator cell walls may alter its structural conformation potentially targeting AtlA to the septum where its activity would govern cell division rather than lysis. The affinity of SprEprocessed AtlA for the cell wall would also prevent GelE from further processing AtlA. (Fig. 8) . Future studies will address whether proteolytic processing affects AtlA localization on the cell wall and this may provide additional clues as to the role of SprE and GelE in triggering a pro or anti-lytic response. It may also be noted that the relative concentration of GelE in a biofilm would be highest in the vicinity of the predators, and solubilized forms of AtlA have been shown to be much more susceptible to GelE turnover, which may provide an additional control point to ensure that the GelE producer population is not killed by soluble forms of AtlA.
The fsr-dependent quorum sensing may be considered a co-ordinate cooperative behaviour that enterococci employ to produce costly public goods (e.g. proteases) that benefit the whole population. However, as with any population that employs cooperative strategies, a threat in the emergence of cheaters that does not contribute to the cost of public goods, but benefit from them is very high (West et al., 2006; Diggle et al., 2007) . The occurrences of quorum-sensing cheaters have previously been reported among different bacterial communities (Diggle et al., 2007; Sandoz et al., 2007) . Within the limits of our experimental conditions (see Experimental procedures) we have estimated approximately 15% of the population in the stationary phase of growth to be comprised of cheaters (Fig. 1A) that do not respond to GBAP (as these quorum non-responders potentially benefit from nutrients generated from proteolytic activity of the remaining majority). This relatively high percentage of GBAP non-responders is surprising considering the fact that by the time enterococci enter into the late log phase, they have already secreted nano-molar concentrations of GBAP enough to activate fsr signalling within every cell of the population (Nakayama et al., 2001) . Although previous studies have implied the absence of a 23.9 kb region within the fsr locus (Eaton and Gasson, 2001; Nakayama et al., 2002) as a possible contributor to the rise of cheaters, this is unlikely to be the case in our experimental set-up and hence more investigations are necessary to further characterize the mechanisms of cheater development among enterococcal populations. Although arguably cheaters may enjoy a fitness advantage over their cooperative siblings (as they do not share the same metabolic burden), our observations suggest the contrary wherein coculturing the wild-type V583 with its isogenic FsrA quorumsensing mutant (cheaters) or a double protease mutant, led to~12% decrease in the cheater population after overnight growth (Table S1 ). Based on these observations, it is tempting to speculate that fratricide may have evolved among cooperative enterococci as a way to police cheaters and prevent them from taking over the entire population.
Experimental procedures
Bacterial strains, plasmids and growth conditions
Relevant bacterial strains and plasmids used in the present study are listed in Table 1 . Strains were cultured in ToddHewitt broth (THB) or M17 media and grown as standing cultures at 37°C unless otherwise indicated. E. coli ElectroTen Blue was used for maintenance and propagation of plasmid constructions. Clones were cultured aerobically in Luria-Bertani (LB) broth at 37°C. The antibiotics used for selection included chloramphenicol at 10 mg ml -1 and spectinomycin at 750 mg ml -1 . Electrotransformations of E. faecalis were performed as previously described (Cruz-Rodz and Gilmore, 1990) .
Targeted gene mutagenesis
Construction of VT01, VT02 and VT03 are as described previously (Thomas et al., 2008) . AtlA mutants were constructed by targeted insertional mutagenesis. An internal fragment of atlA was PCR amplified using primers Aut2f and Aut2r (Table 2 ) and cloned EcoRI/BamHI into the suicide vector (p3CAT). The resulting construct was verified by restriction analysis and was electroporated into E. faecalis V583 and OG1RF. Growth of transformants on antibiotic selective media (chloramphenicol, 10 mg ml -1 ) followed by colony PCR with primers Auto2Up and M13R, confirmed the targeted mutation.
Flow cytometry analysis
A 1119 bp fragment composed of a gelE promoter gfp fusion, was PCR amplified from pVI01 (Table 1 ) using primers VLAC1 and Gfp3′SalI ( Table 2 ). The fragment was either restricted with EcoRI resulting in a 1055 bp fragment or with SalI giving rise to a 759 bp fragment. The 759 bp fragment containing the gfp was cloned into SalI restricted pAT28 resulting in pVT30, and the 1055 bp fragment was cloned into EcoRI/SmaI restricted pAT28 giving rise to pVT31. E. faecalis V583, VT01, VT02 and VT03 were transformed with pVT31 to track cells within the population that responded to GBAP and expressed GFP. The resulting strains were designated VT15, VT16, VT17 and VT18 respectively. pVT30 which contains promoterless gfp was electroporated into V583 as a negative control. Flow cytometric analysis was performed using 1-day-old stationary phase cultures of E. faecalis on a FACSCalibur flow cytometer (Beckton and Dickinson, San Jose, California). Cell samples were washed twice and diluted to a final concentration of 10 6 cells per ml in PBS. Cells were stained for 10 min with propidium iodide (2 mM) and analyses were carried out at a flow rate of~2000 cells per s. A total of 50 000 events were collected for each sample and FSC, SSC, FL-1 and FL-2 signals were measured using logarithmic amplifications. Bacteria were discriminated from background using a combination of FSC and SSC. Data were analysed with the CELLQuest program (version 3.1, Beckton and Dickinson).
Zymography
An 8% SDS-PAGE gel containing 0.1% (w/v) of prepared E. faecalis V583 cell wall as substrate was used to analyse autolysin activity. Gels were run under constant voltage (200 V). Following electrophoresis, gels were washed extensively with deionized water to remove SDS and then in renaturation buffer (25 mM sodium phosphate pH 7.0, 1 mM MgCl2 and 1% Triton X-100) four times at intervals of 1 h each and then incubated in fresh buffer overnight at 37°C. Activity was detected as clear bands after counter-staining the gel with 0.1% methylene blue in 0.01% KOH solution followed by destaining in deionized water. inoculated with 20 ml of an overnight culture of E. faecalis strain VT24 (DgelEsprE, pVT08, SprE + ) and allowed to grow as a standing culture at 37°C for 24 h. Following separation of bacteria by centrifugation (30 min at 27 500 g at 4°C), SprE was precipitated from the cell free culture supernatant by gradual addition of ammonium sulphate to a final saturation of 70% and incubated overnight at 4°C with constant agitation. The precipitants were removed by centrifugation (30 min at 27 500 g at 4°C) and resuspended in 200 ml of 200 mM Tris-HCl and 5 mM CaCl2, pH 7.6. The 200 ml sample was filter-sterilized (0.2 mm) and extensively dialysed (2 weeks) against dialysis buffer (50 mM Tris-HCl and 5 mM CaCl2, pH 7.6). The sample was concentrated (Pierce ICON™ concentrator) down to 2 ml and was resolved at room temperature on a TSK G3000SW gel filtration column (7.8 mm ¥ 300 mm; Tosoh Bioscience, Montgomeryville, PA) at a flow rate of 1 ml min -1 , using TSK buffer (0.06 M sodium phosphate, 0.1 M sodium sulphate, pH 7.0) and stored at 4°C.
Histidine-tagged AtlA (devoid of signal sequence) was purified from E. coli BL21 (DE3) harbouring the expression construct pVT21 and grown in 1 l LB medium containing ampicillin (100 mg ml -1 ). Expression of recombinant protein was induced by the addition of 0.5 mM isopropyl-b-Dthiogalactopyranoside (IPTG) to the E. coli cultures at an optical density (at 600 nm) of 0.6. Following IPTG treatment cultures were incubated for an additional 3 h at 37°C after which bacterial cells were harvested by centrifugation and resuspended in 40 ml lysis buffer [20 mM Tris-HCl, 0.5 M NaCl, 10 mM imidazole, 20 mM mercaptoethanol (pH 7.9)]. Cells were disrupted by ultra sonicaton (five cycles of intermittent 20 s pulse and 20 s cooling) and the supernatant retrieved after ultracentrifugation at 45 000 r.p.m. for 1 h at 4°C to remove cell debris. The supernatant was passed through a 0.2 mm filter prior to being loaded onto a nickel nitrilotriacetic acid-agarose column (Qiagen). The His-tagged AtlA was eluted with a step-wise gradient of imidazole (20, 40, 100 and 250 mM) in lysis buffer and optimal purity obtained at 100 mM concentration of imidazole in lysis buffer. Purified AtlA was concentrated and buffer exchange (25 mM sodium phosphate buffer, pH 7) carried out using an ICON™ concentrator (Pierce). Purified protein was stored at 4°C for short-term or -80°C for long-term storage.
Protein purity was analysed by SDS-acrylamide gel electrophoresis (> 95% for all purified proteins) and tryptic digests of the proteins followed by MALDI-TOF MS confirmed their identities.
MS and MS/MS analysis
After staining gels with Coomassie R-250, selected gel bands were excised manually as 1-2 mm slices and transferred to 1.5 ml Eppendorf tubes. An equivalent slice from the proteinfree region of the gel was excised as a background control. The control and test gel sections were then destained using three 30 min washes of 60 ml 1:1 acetonitrile : water at 30°C. Gel pieces were then dried for 10 min under vacuum. The gels were subjected to reduction and alkylation using 50 mM Tris (2-carboxyethyl) phosphine (TCEP) at 55°C for 10 min followed by 100 mM iodoacetamide in the dark at 30°C for 60 min. The carboxymethylated samples were thoroughly washed and redried in vacuo, then incubated with sequencing grade trypsin (Trypsin Gold, Promega, Madison, WI), 20 ng ml -1 in 40 mM ammonium bicarbonate, in 20 ml. Upon rehydration of the gels, an additional 15 ml of 40 mM ammonium bicarbonate and 10% acetonitrile was added, and gel sections incubated at 30°C for 17 h in sealed Eppendorf tubes. The aqueous digestion solutions were transferred to 1.5 ml clean Eppendorf tubes, and those tryptic fragments remaining within the gel sections were recovered by a single extraction with 50 ml of 50% acetonitrile in water containing 2% trifluoracetic acid (TFA) at 30°C for 1 h. The acetonitrilewater fractions were combined with the previous aqueous fractions and the liquid removed by speed vacuum concentration. The dried samples were resuspended in 10 ml of 30 mg ml -1 2,5-dihydroxylbenzonic acid (Sigma, St Louis, MO) dissolved in 33% acetonitrile/0.1% TFA and 2 ml of peptide/matrix solution was applied to a Bruker aluminum target plate for MALDI-TOF and TOF/TOF analysis.
Mass spectra and tandem mass spectra were obtained on a Bluker Ultraflex II TOF/TOF mass spectrometer. Positively charged ions were analysed in the reflector mode. MS and MS/MS spectra were analysed with Flex analysis 3.0 and Bio Tools 3.0 software (Bruker Daltonics). Measurements were externally calibrated with eight different peptides ranging from 757.39 to 3147.47 (Peptide Calibration Standard I, Bruker Daltonics) and internally re-calibrated with peptides from the autoproteolysis of trypsin.
Peptide ion search was performed using MASCOT software (Matrix Science) against the expected recombinant AtlA protein sequence. The following parameters were used for the database search: MS and MS/MS accuracies were set to < 0.6 Da trypsin as an enzyme, missed cleavages 1, carbamidomethylation of cysteine as fixed modification and oxidation of methionine as a variable modification.
GelE and SprE mediated proteolysis of AtlA
GelE or SprE (30 nM) were incubated with 10 mg of AtlA separately in 100 ml of reaction buffer (50 mM Tris-HCl and 5 mM CaCl2, pH 7.6). After 10, 30, 60 and 300 min of incubation at 37°C, aliquots (25 ml) were withdrawn and the reaction was stopped by the addition of SDS-PAGE sample loading buffer and boiling for 10 min. Samples were analysed by SDS-acrylamide gel electrophoresis and silver staining. MALDI-TOF MS and MS/MS analysis was carried out as previously described, to empirically map regions of AtlA that were susceptible to proteolytic attack.
Biofilm assay
Biofilm assays were carried out as described previously (Thomas et al., 2008) .
eDNA release assay
Measurements of eDNA release were carried out on stationary phase cultures using the nucleic acid stain SYTOX green (Invitrogen). Overnight grown cultures of E. faecalis (37°C) were centrifuged (13 000 g; 3 min) to pellet cells and 200 ml of the culture supernatants was transferred to microtiter plate wells in triplicate. SYTOX green was supplemented to these wells to a final concentration of 1 mM and incubated for 10 min before being spectrofluorometrically measured with excitation at 485 nm and emission at 535 nm on a Perkin Elmer Victor 3 fluorescent plate reader.
Fratricide assay
Coculture lysis assays were carried out using V583, VT01 (DgelE), VT02 (DsprE), VT03 (DgelEsprE) and VT19 (V583::atlA) as attacker strains and either VT12 (DgelEsprE, GFP + ) or VT23 (DgelEsprE::atlA,GFP + ) as targets. Attacker strains grown overnight were diluted 1:1000 in fresh THB Enterococcal fratricide contributes to biofilm development 1033 media and were co-inoculated with target strains diluted 1:20 from an overnight culture grown for an equivalent period at 37°C in THBG (THB + 2% glycine). Following 24 h of coculture at 37°C, GFP (released as a result of lysis of target) from 250 ml of supernatant was precipitated using 4 vols of cold acetone (-20°C) and resolved by SDS-PAGE. Detection of GFP in the supernatant was carried out by Western blot analysis using anti-GFP antibodies.
Lysis assay
Lysis assays were carried out as described previously with the following modifications (Thomas et al., 2008) . Briefly, precultures of VT03 (DgelEsprE)or VT22 (DgelEsprE::atlA) were grown overnight at 37°C in 2.5 ml THB and diluted 100-fold in SM17 media supplemented with 3% glycine. Following overnight growth at 37°C, 1.5 ml of cultures was centrifuged at 13 000 r.p.m. for 3 min and washed thoroughly, thrice in icecold sterile distilled water. After the third wash, the cells were resuspended in 10 mM sodium phosphate buffer (pH 6.8) and supplemented with 1 mM CaCl2. Two hundred microlitres of the suspended cells was dispensed into a 96 well plate and the optical density at 600 nm was monitored for 9 h at 30 min intervals either in the presence or absence of protease treatments (30 nM of either GelE or SprE or both).
Peptidoglycan affinity assay
Purified recombinant AtlA (10 mg) was allowed to bind with 20 mg wet weight of isolated E. faecalis V583 cell wall for 15 min at 37°C in 100 ml of buffer (10 mM Tris-HCl and 5 mM CaCl2, pH 7.6). Approximately, 30 nM of either GelE or SprE was supplemented separately into each sample mix. For coprotease treatments, recombinant AtlA bound to V583 peptidoglycan (20 mg wet-weight) were either pretreated with 30 nM GelE or SprE for 10 min. This was followed by the immediate addition of the second complementary protease (30 nM; SprE or GelE) for 30 min. Samples (25 ml) were withdrawn at intervals of 10, 30, 60 and 300 min. Supernatants containing unbound proteolytically processed AtlA derivatives were retrieved after centrifugation (13 000 g; 10 min). The pellet was washed twice in fresh buffer to remove loosely adherent AtlA from pellet and the cell wallbound fraction eluted in SDS-PAGE sample loading buffer. Unbound and bound AtlA derivatives were resolved by SDS-PAGE and visualized by silver staining.
